The induction of the hexose-6-phosphate transport system was investigated. Glucose-6-phosphate (G6P) at concentrations as low as 104 M was able to induce this system in wild-type cells, as well as in mutants lacking phosphoglucose isomerase or G6P dehydrogenase. Growth in the presence of fructose-6-phosphate (F6P) induced the system only if the cells contained phosphoglucose isomerase. Furthermore, glucose and F6P were found to induce the system only if the extracellular concentration of G6P became appreciable in the medium as a consequence of the leakage of intracellular G6P formed from the glucose or F6P. Intracellular G6P was not an inducer even at high concentrations. The metabolism of glucose inhibited the induction of the hexose-6-phosphate transport system. Hypotheses for this compartmentalization of inducer and membrane-associated induction are presented.
The transport system responsible for the uptake of hexose-6-phosphates in Escherichia coli has been previously described (3, 7, 9) . This transport system is induced in wild-type cells by growth in the presence of glucose-6-phosphate (G6P) or fructose-6-phosphate (F6P), but not by growth on glucose or fructose. Evidence that separate systems are involved in the transport of hexose-6-phosphates and the corresponding free hexoses was obtained by the isolation of hexosephosphate transport negative mutants which would grow on hexoses but not hexose-6-phosphates (9) . In the present study, mutants blocked in phosphoglucose isomerase and G6P dehydrogenase (1, 2) were used to characterize the nature of the inducer. Mutants lacking both of these enzymes are unable to grow on glucose or G6P. However, these mutants accumulate large intracellular pools of G6P when grown in the presence of glucose because of the phosphoenolpyruvate-phosphotransferase of the glucose transport system (6). Heppel (5) reported that the double mutant was not induced for G6P transport when grown in the presence of glucose but was induced when grown with G6P. The present study demonstrates that extracellular G6P functions as an inducer of hexose-6-phosphate transport, but that neither intracellular 1 Presented in part at the 69th Annual Meeting of the American Society for Microbiology, 4-9 May 1969, Miami, FLa.
G6P nor F6P (intra-or extracellular) will induce this system.
MATERIALS AND METHODS Bacterial strains The wild-type parental strain was E. coli K-10, a prototrophic Hfr with normal sugar metabolism (Fig. 1) . The mutants were DF1800, which lacks both phosphoglucose isomerase (Pgi-) and G6P dehydrogenase or zwischenferment (Zwf-), DF40 (Pgi-, Zwf+), and DF1801 (Pgi+, Zwf-). The DF family of mutants, kindly provided by D. Fraenkel, has been previously described (1, 2) .
Media and growth conditions. Minimal salts medium 63 (9) supplemented with thiamine (1 jsg/ml) and 1% type (9) . The induction observed when DF1800 was grown with glucose ( Fig. 4) is, however, an artifact. As shown in Fig. 4 , DF1800 grown with various concentrations of glucose under standard conditions appeared to be induced by the glucose; however, if the starting inoculum was decreased, but the glucose concentration was maintained at a high level, there was no induction (curve DIL-10). These results suggested that a high intracellular concentration of G6P will not induce, whereas a relatively low concentration of G6P in the medium will. Fig. 2 except that the dilute culture (curve DIL-10) had a starting inoculum 5% of the standard culture. Supplementation of the medium with glucose was at the concentrations indicated (millimolar). To test the hypothesis that under the standard growth conditions cells grown with glucose were leaking G6P into the medium and this exogenous G6P was the inducer, the medium derived from a standard culture was tested for the presence of an inducing factor. As shown in Fig. 5 5 . Induction of G6P uptake in a dilute culture of strain DF1800 by growth in the medium from a culture grown with glucose. Cells were grown with glucose (10 mm) under standard and dilute conditions as described in Fig. 4 . Cells harvested from these cultures were assayed for G6P uptake: curve D, dilute culture; curve S, standard culture. The medium from both cultures was assayed for G6P. NADP (0.66 mg/mi) was added to the medium from the standard culture and G6P dehydrogenase was added to a portion of this culture to remove G6P. All three media, the dilute, the standard plus zwischenferment, were then sterilized by filtration. The next morning these media were reinoculated with dilute or standard inocula and grown as before; the cells were harvested and assayed for G6P uptake. Curve DS, dilute medium with standard inoculum; curve DD, dilute medium with dilute inoculum; curve SD, standard medium with dilute inoculum; curve SZD, standard medium plus zwischenferment with dilute inoculum. 12 A)DF1801 Fig. 7 .
Again, the induction was not observed when the cells were grown under dilute conditions but was observed under standard conditions. Figure 8 demonstrates that the medium from a standard culture of K-10 grown with F6P contained sufficient G6P to induce hexose-6-phosphate phatase on the induction ofG6P uptake in cells ofstrain DF1800 grown with glucose. A standard inoculum of cells was added to the Tris-based medium described in Materials and Methods. G6P was added at 0.15 mm where indicated; glucose was added at 10 mM where indicated (Glu). In curves labeled Pi, the inorganic phosphate concentration was adjusted to 10 mM to repress and inhibit alkaline phosphatase. Fig. 6 except that F6P (I mM) was in the medium instead of glucose and F6P (I mM) was added to the filtered medium before the second growth. As in Fig. 6 , the last letter of the abbreviations represents the inoculum (dilute or standard) and the preceding letters represent the medium (dilute, standard, or standard plus zwischenferment). transport when a dilute inoculum was added (curve SD). Again, as in Fig. 5 , the addition of NADP plus G6P dehydrogenase to the medium removed G6P so that a dilute culture could not be induced (curve SZD). However, after this treatment with zwischenferment, the addition of a standard inoculum to the medium replenished the G6P and the culture was induced (curve SZS).
Repression by glucose. The addition of glucose fully inhibited the induction which resulted from the leakage of G6P from a standard culture of K-10 grown with F6P (Fig. 9) . No inhibition was observed when the G6P level in the medium was elevated to 1 mm. Similar results were observed in strains DF40 and DF1801. Although the mechanism of this inhibition (repression) is not known, it would account for the lack of induction from any leakage of G6P in K-10, DF40, or DF1801 grown with glucose. DISCUSSION The hexose-6-phosphate transport system is unusual in that its substrates, G6P and F6P, are more common as metabolic intermediates than as carbon sources occurring in the natural environment. To enjoy the economy of an inducible active transport system for hexose-6-phosphates, the cell must become induced when G6P is present in low concentration in the medium but remain repressed in the presence of intracellular G6P. Although the amount of intracellular G6P in wild-type organisms is too small to measure accurately (2) , the large pool of G6P formed in the mutants lacking both phosphoglucose isomerase and G6P dehydrogenase made possible the demonstration of a difference in the ability of intracellular and extracellular G6P to induce the hexose-6-phosphate transport system.
Heppel (5) first pointed out this difference in a similar mutant, DF2000 (Pgi-, Zwf-). He found no induction of this transport system in the presence of glucose when the cells were grown either with glycerol as carbon source, in which stasis occurred, or with gluconate as carbon source, in which there was no stasis. The level of G6P which spilled into the medium in these experiments was similar to the levels in the dilute cultures used here, in which no induction occurred: This would explain why induction was never found with glucose. When some of the experiments done with DF1800 were repeated with DF2000, the two mutants were found to be identical in their behavior toward induction.
The ability of cells that contain phosphoglucose isomerase to be induced by F6P demonstrates a requirement for intracellular conversion of F6P to G6P and the subsequent leakage of this G6P to form exogenous G6P. No induction by F6P can occur in the absence of phosphoglucose isomerase. However, in cells which can metabolize glucose, the G6P formed from glucose does not induce. This observation seems paradoxical, because a larger intracellular G6P pool would be expected from the metabolism of glucose than from F6P. The explanation of the lack of induction from the G6P which leaked out of the cellM The nature of the difference between G6P outside the cell and G6P inside the cell is an intriguing question but experimentally difficult to answer. Sercarz and Gorini described a similar situation where exogenous arginine serves as the co-repressor, but endogeious arginine does not (8) . Two basic models are possible. In one there would be a unique pathway of G6P metabolism which is membrane-associated. In this case, a small fraction of the G6P crossing the membrane would be converted to the "true inducer," which could then exert its effect on cytoplasmic repressor. Since the great majority of the G6P crosses the membrane unaltered, the separation of the few molecules of true inducer would present a formidable problem. The second model would require a membrane-associated induction-repression system. It is possible that G6P can react with a cytoplasmic repressor molecule only when G6P is in the membrane phase. The alternative that the repressor is membrane-bound makes the association of G6P, repressor, and deoxyribonucleic acid difficult to visualize. Work is in progress with regulatory mutants of the hexose-6-phosphate transport system in an attempt to test these hypotheses.
